Abstract: Aggregation behavior of blend of poly(N-vinyl pyrrolidone) (PVP) and polystyrene having a sulfonic acid group at one end (PSS) in aqueous solution was investigated by dynamic and static light scattering (DLS, SLS) measurements and scanning electron microscopy (SEM). The angular dependence of apparent diffusion coefficients suggested that the PVP-PSS aggregate shows an anisotropic structure. Comparison of an experimental SLS profile with theoretical calculations of particle scattering functions indicated that the PVP-PSS aggregate formed rodlike structure with 1200 nm height and 20 nm cross-sectional radius. Corresponding results were obtained by SEM observations.
Introduction
Recently, it has been reported that polymer blends, in which components were associated each other at specific sites of chains, forms mesomorphic phases like block or graft copolymers. [1] [2] [3] [4] Such polymer blends have advantages of fine-tuning of properties and combination of component polymers in comparison with covalently connected block or graft copolymers. When such polymer blends are dissolved in selective solvents for one component, they should form micelle-like aggregate in analogy with a covalently bonded amphiphilic copolymer. [5, 6] However, aggregation behavior of such polymer blends in selective solvent is expected to be much different from that of the covalently bonded block or graft copolymers because of the reversibility of the noncovalent bond. Therefore, the detail investigations on the aggregation behaviour of such copolymers in the selective solvent are required.
In our previous study, we found that the blends of poly(N-vinyl pyrrolidone) (PVP) and polystyrene having a sulfonic acid group at one end (PSS) form mesoscopically ordered phase due to formation of hydrogen-bonded graft-like complex (Fig. 1) . [4] The PVP-PSS complex is regarded as an amphiphilic graft copolymer because it is composed of water-soluble PVP and hydrophobic polystyrene. Therefore, when the PVP-PSS blends are dissolved in water, the micelle-like aggregates consisting of the PSS core and the PVP shell should be formed. This paper aims at reporting on the characteristics of the micelle-like aggregates of the PVP-PSS blends in aqueous solution. 
Results and discussion
Γ is defined as following equation.
where D app is apparent translational diffusion coefficient and q is the magnitude of the scattering vector. The q is defined by (4πn/λ)sin(θ/2), where n is the refractive index of the solvent, λ the wavelength of light, and θ the scattering angle. All solutions show a single decay. Therefore, the cumulant method can be used to obtain the Γ. 
where D 0 the apparent diffusion coefficient and C a quantity concerned with structure, distribution, internal mobility, and radius of gyration of particles. [8, 9] According to eq. (τ) at θ=90°. The square indicates P1S1 and the circle indicates PVP. The solid line is calculated by the cumulant method. However, according to eq. (3), the Γq -2 does not depend on the q 2 when particles have isotropic structure or narrow distribution of the size. In fact, the Γq -2 of the PVP, which forms the random coil regarded as an isotropic sphere, is constant with varying q 2 , although data are not shown here. On the contrary, the Γq -2 of the P1S1 solution tends to increase with increasing q 2 . The q 2 -dependence of Γq -2 reflects large distribution of particles or anisotropy of the shape of particles. Because we could apply the cumulant method for the DLS analyses, the effect of distribution of the size is negligible. Therefore, q 2 -dependence of the Γq -2 would indicate that the aggregate of P1S1 has with anisotropic shapes such as rod-like or ellipsoidal structures. [10] [11] [12] [13] [14] 3
To evaluate the structure of the P1S1 aggregate, SLS measurements were performed.
The structure of the aggregate is evaluated by particle scattering factor P(q). In the dilute solution, P(q) is obtained by q dependence of scattering intensities I(q) normalized by the scattering intensity at q=0 as following equation.
.
The P(q) of a solution containing randomly distributed spherical or ellipsoidal particles is represented by following equation.
where a is a rotate semi axis and b is another semi axis. When the dispersed particles form spherical shapes, a = b, and the R h = a. The R h of a prolate ellipsoid (a > b) is related to a and b by following equation.
[14]
While for an oblate ellipsoid (a < b), R h is related to a and b by following equation.
On the other hand, the P(q) for randomly oriented rod-like particles with a base radius R and a rod length H is well known as following equation,
where J 1 is first-order Bessel function. The R h of the rod-like particle is related to the H and R by the following equation [15] :
Thus, using the R h obtained from Fig. 3 , we can calculate P(q) for some characteristic models. Then, we proceeded to compare calculated P(q) with the experimental P(q) to estimate the structure of the P1S1 aggregate. Fig. 4 shows plots of P(q) against q for the P1S1 aggregate. The experimental P(q) profile quite differs from the P(q) calculated for the spherical structure. Similarly the experimental P(q) does not agree with the P(q) calculated for both prolate and oblate ellipsoids. On the other hand, the P(q) calculated for the rod-like particle with 20 nm cross-sectional radius and 1200 nm height well agrees with the experimental P(q). The fact that the P1S1 forms rod-like aggregate is confirmed by SEM observation. Fig. 5 shows the SEM image of the freeze-dried P1S1 aggregate. Fibrillar aggregates are observed in Fig. 5 (a). 
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Rc=20 nm, H=1400 nm Rc=37 nm, H=1000 nm Rc=7 nm, H=2000 nm Fig. 4 . Profile of the particle scattering function P(q) of the P1S1. The theoretical profiles of P(q) are calculated using R h =200 nm. The solid, dashed, and dotted lines are calculated assuming rod, ellipsoid models, and spherical shape, respectively. Values of parameters using calculations are indicated in the figure.
Although sizes of the aggregates are not corresponding to the particle size estimated by light scattering, the photo indicates P1S1 forms the aggregates with anisotropic shape. The reason why the SEM result is not consistent with the light scattering is that the P1S1 aggregates are bundled up or connected each other in SEM observations. Then, we tried to observe an aggregate which is not bundled up with other aggregates. Fig. 5 (b) shows the SEM photo of the isolated P1S1 aggregate. The SEM photo indicates that diameter of the isolated P1S1 aggregate is estimated to be 30 ~ 50 nm. This range of diameter closely corresponds to the diameter estimated by light scattering. 7 Therefore, it should be considered that the P1S1 aggregates form the rod-like shape estimated by light scattering. In our previous study, we found the P1S1 formed lamellar structure with 14 nm period in bulk. [4] In such cases, the PVP chains are extended by relatively large side chains composed of PSS chains. On the other hand, in this study, the P1S1 forms larger particles than the period of lamellar in bulk. Therefore, the aggregating structure of the P1S1 in aqueous solution should be much different from that in bulk. The R h of the PVP used in this study in aqueous solution is estimated as 16 nm by the DLS measurement. [4] The diameter of a PSS chain is expected to be several nm because of low molecular weight of the PSS. Then, supposing a PVP coil involving a hydrophobic domain composed of some PSS chains as shown in Fig. 6 , size of cross-section of the rod-like P1S1 aggregate could be explained. Therefore, it is considered that the rod-like structure of the P1S1 aggregate is composed by a hydrophobic PSS rod, in which -SO 3 H groups are located on the surface, and PVP chains coiling around the hydrophobic rod due to hydrogen bond between -SO 3 H groups and repeating units of PVP.
Experimental part
Materials PVP (M w =3.6 x 10 5 g mol -1 ) was purchased from Tokyo Chemical Industry Co. Ltd. PSS (M n =3.5×10 3 g mol -1 , M w =3.9×10 3 g mol -1 ) was synthesized by living anionic polymerization technique using sec-butyl lithium as an initiator and 1,3-propane sultone as a terminating agent. Detail procedure of the PSS synthesis is described in our previous studies. [3(a), 7] Elemental analysis using a Yanaco CHN and S recorder revealed the PSS contains one SO 3 H unit in one PSS chain.
Sample Preparation
The PVP-PSS 1:1 (w:w) blend was prepared by solution mixing using 9:1(v/v) mixture of chloroform and methanol. Polymers at desired composition were dissolved in the solvent and stirred until the solution became clear. The solution was cast on a glass plate at room temperature. Blend sample was further dried in reduced pressure at room temperature. The PVP-PSS 1:1 (w:w) blend is denoted as P1S1. The P1S1 was dissolved in distilled water at 1.4x10 -2 wt%. When concentration of the solution was higher than 1.4x10 -2 wt%, precipitation was caused. The aqueous solution was further homogenized with an ultrasonic homogenizer. The resulting solution was diluted to desired concentrations and clarified by filtering through a 1.0 μm filter before the light scattering measurements. Samples for scanning electron microscopy were prepared by freeze-drying of solutions.
Dynamic and Static Light Scattering (DLS, SLS)
DLS and SLS measurements were carried out using an Otsuka Electronics DLS-7000 light scattering photometer. A He-Ne laser with a wavelength of 632.8 nm was used as a light source. All measurements were performed at 20 °C and scattering angles from 20 to 150°.
Scanning Electron Microscopy (SEM)
The electron micrographs were obtained using a Hitachi S-5200 scanning electron microscope. The surfaces of freeze-dried samples were coated with Pt with 2 nm thickness before SEM observations.
